Glucagon-like peptide 1 (GLP-1) receptor agonists increase the intracellular calcium levels of atrial cardiomyocytes in a protein kinase A dependent manner. This elicits a positive inotropic effect. Furthermore, the translocation of GLUT1 is promoted. The relevance of the latter process is unclear, therefore we assessed the influence of energy substrates. Muscle strips (trabeculae; n = 86) were isolated from human right atrial appendages obtained from patients undergoing heart surgery (n = 34), mounted on hooks, electrically stimulated (1 Hz) and treated with a single dose of exenatide (15 nM), GLP-1(7-36) amide (180 nM), GLP-1(9-36) amide (200 nM), isoproterenol (100 nM), or increasing concentrations of calcium (4.0 and 7.2 mM). Either 11.2 mM glucose or 22.4 mM pyruvate served as the energy substrate. Developed force, diastolic tension and relaxation parameters were recorded and analyzed. Administration of exenatide and GLP-1(7-36) amide, but not GLP-1(9-36) amide, led to a transient positive inotropic effect in the presence of pyruvate and glucose. This effect tended to be more pronounced in glucose-treated muscle strips at maximal developed force and steady state conditions. Both isoproterenol and calcium exerted a strong positive inotropic effect with no difference regarding the energy substrate. In conclusion, the positive inotropic effect of GLP-1 receptor agonists is more pronounced in glucose enriched Tyrode's solution, which might be linked to the previously reported translocation of GLUT1.
Introduction
Type-2 diabetes mellitus (T2DM) is a major cardiovascular risk factor. The impaired glucose metabolism leads to elevated blood sugar levels and damages both large and small blood vessels. Therefore, severe cardiovascular diseases such as myocardial infarction, ischemic heart failure, or stroke may result (Nolan et al. 2011; Vaidya et al. 2015) . The primary goal for treating diabetes is to both regulate and reduce glucose levels. A second major treatment goal is to reduce cardiovascular complications (Standl et al. 2016; Bailey et al. 2013; Strang et al. 2015) . There are many different treatment options available, ranging from simple diet changes to the use of combination therapy with multiple pharmacological agents (Qaseem et al. 2017) . Many anti-diabetic drugs, especially when used in combination with other anti-diabetic drugs or prescribed to patients with renal failure, can induce hypoglycemic conditions that represent a dangerous side effect (Tschope et al. 2016; Bruderer et al. 2014 ) and a risk factor for mortality or severe cardiovascular complications such as heart failure (Zoungas et al. 2010) . Glucagonlike peptide 1 (GLP-1) receptor agonists constitute a new therapeutic approach for the treatment of T2DM (Drucker and Nauck 2006) . The anti-diabetic effect is caused by an augmentation of the glucose dependent insulin secretion from pancreatic beta cells via the GLP-1 receptor, which is referred to as the incretin-effect (Baggio and Drucker 2007) . This mechanism prevents potential harmful hypoglycemic conditions.
Besides pancreatic beta cells, the GLP-1 receptor is also expressed on the surface of cardiomyocytes. Previous studies demonstrated that expression levels are much higher in human atrial cells than in ventricular cells (Richards et al. 2014; Wallner et al. 2015) . GLP-1 receptor activation leads to an increase of intracellular calcium levels in a protein kinase A dependent manner causing a transient positive inotropic effect. Furthermore, translocation of glucose transporter (GLUT) 1 and exchange proteins activated by cAMP (Epac2) is promoted in atrial cardiomyocytes (Wallner et al. 2015) .
In light of previous studies that elucidated the positive inotropic effect, we assessed the role of energy substrates on the functional aspect.
Materials and Methods
This study was approved by the local ethics committee (Ethics Committee at Med Uni Graz: 19-109 ex 07/08) and all patients gave informed written consent according to the WMA Declaration of Helsinki, 2013. All experiments were performed using muscle strips (trabeculae) isolated from human right atrial appendages that were obtained from patients undergoing heart surgery (n = 34).
Patient's Medical History
Patients underwent coronary artery bypass graft (50%), aortic valve replacement (15%), or a combination of both procedures (29%). One patient underwent mitral valve surgery (3%) and another patient had combined mitral valve and aortic valve surgery (3%). The mean age of all patients was 66 ± 11 years and 29% were female. Arterial hypertension was present in 88% of the patients, 24% were type-2 diabetics, 12% of the patients had paroxysmal atrial fibrillation and 76% of the patients had a preserved left ventricular ejection fraction measured before surgery (mean ejection fraction = 54 ± 10%). The mean body mass index was 29 ± 6 kg/ m 2 . The right atrial appendage was cut off shortly after activation of the cardiopulmonary bypass pump.
Muscle Strip Preparation and Experimental Setup
Muscle strips (trabeculae) were isolated from human right atrial appendages in a cardioprotective Tyrode's solution containing 0.03 M 2,3-Butanedione monoxime (2,3-BDM). For the experiment, the trabeculae were fixed on hooks, superfused with modified Tyrode's solution (2,3-BDM rinsed out) with a calcium concentration of 0.2 mM and electrically stimulated at a frequency of 1 Hz. Either 11.2 mM glucose or 22.4 mM pyruvate served as the energy substrate. All solutions used were constantly bubbled with 95% oxygen and 5% carbon dioxide. The calcium concentrations were elevated stepwise from 0.2 to 2.5 mM, and maximum preload was simulated by stretching the electrically stimulated trabeculae to an optimal length, which is defined as the maximum developed force at baseline (BL).
Experimental Protocol and Data Analysis
A single dose of exenatide (15 nM) was added to 12 trabeculae isolated from 9 hearts (substrate: glucose) and 11 trabeculae isolated from 7 hearts (substrate: pyruvate). GLP 1(7-36) amide (180 nM) was added to 13 trabeculae isolated from 10 hearts (substrate: glucose) and 13 trabeculae isolated from 10 hearts (substrate: pyruvate). GLP1(9-36) amide (200 nM) was added to 6 trabeculae isolated from 5 hearts (substrate: glucose) and 6 trabeculae isolated from 5 hearts (substrate: pyruvate). Isoproterenol (100 nM) was added to 6 trabeculae isolated from 4 hearts (substrate: glucose) and 6 trabeculae isolated from 3 hearts (substrate: pyruvate). Another 6 trabeculae isolated from 4 hearts (substrate: glucose) and 7 trabeculae isolated from 1 3 5 hearts (substrate: pyruvate) were treated with increasing concentrations of calcium (4.0 and 7.2 mM) to assess the inotropic response of the muscle strips without activation of downstream mechanisms that influence calcium regulating enzymes in cardiomyocytes. All chosen concentrations of GLP-1 receptor agonists and isoproterenol were based on previous data from dose-response experiments and selected in order to achieve maximal positive inotropic effects (Wallner et al. 2015; Lewinski et al. 2007 ). Developed force and diastolic tension were recorded and analyzed at BL, which is the time point of developed force maximum, and again at steady state conditions (= 25 min after the intervention). Trabeculae that developed arrhythmic events were excluded from analysis. None of the patients had been treated with a GLP-1 receptor agonist. In the experiments using isoproterenol, patients who had been treated with beta blockers were excluded. Data are presented as relative values in (%) of BL of muscle strips that were treated identically. The differences in developed force at steady state conditions are presented as the change in the relative values (delta of developed force) in (%) of BL. Data are expressed as mean ± SEM in all figures.
Drugs and Substances
Exenatide, GLP-1(7-36) amide and GLP-1(9-36) amide were purchased from Tocris (Bristol, United Kingdom). Glucose was purchased from Merck (Darmstadt, Germany). All other substances used were purchased from Sigma-Aldrich (Taufkirchen, Germany). The Tyrode's solution is made using 152 mM Na + , 3.6 mM K + , 0.6 mM Mg 2+ , 0.2 mM Ca 2+ , 129.5 mM Cl − , 25 mM HCO 3 − , 1.3 mM H 2 PO 4 − , 0.6 mM SO 4 2− , 5 I.U. insulin and either 11.2 mM glucose or 22.4 mM pyruvate.
Exenatide is a synthetic polypeptide containing 39 amino acids, while GLP-1(7-36) amide is an intrinsic peptide containing 30 amino acids. GLP-1(7-36) amide is degraded rapidly by the enzyme dipeptidyl peptidase 4 (DPP4) under physiological conditions, but exenatide is resistant to degradation. The cleaved product of GLP-1(7-36) amide is GLP-1(9-36) amide, which contains only 28 amino acids and acts as an antagonist of the GLP-1 receptor. The function of GLP-1(9-36) amide is in contrast to the role of both exenatide and GLP-1(7-36) amide, that act as agonists of the GLP-1 receptor (Baggio and Drucker 2007) . Isoproterenol is a beta receptor agonist and was used to compare possible differences of a positive inotropic effect when different energy substrates are used.
Statistics
Differences between factors (between and within factors) were tested by using a two-way ANOVA for repeated measures with Sidak's multiple comparison post hoc test.
To compare groups at one-time point, Student's unpaired t test was used. Normal distribution was tested by using the Shapiro-Wilk-test. In case the assumption of normality was violated, a non-parametric equivalent was used instead. Data are expressed as mean ± SEM. Values of p < 0.05 were considered statistically significant.
Results

The Inotropic Effect of Exenatide
Administration of a single dose of 15 nM exenatide led to a transient positive inotropic effect in the presence of pyruvate and glucose. Irrespective of the energy substrate, after exenatide administration the human atrial myocardium showed a strong increase in developed force within minutes followed by a decline to stable steady state conditions that were reached after 25 min. As shown in Fig. 1a , the positive inotropic effect tends to be more pronounced in glucose treated muscle strips compared to pyruvate-treated muscle strips (p = 0.055) at the time of maximum developed force (194.1 ± 27.0% in glucose versus 141.2 ± 10.5% in pyruvate) and at steady state conditions after 25 min (156.5 ± 15.7% in glucose versus 116.1 ± 5.1% in pyruvate). Figure 1b shows the change in developed force between BL and steady state conditions after 25 min. In glucose-treated muscle strips, the increase in developed force was significantly higher (56.5 ± 15.7%) compared to pyruvate treated muscle strips (16.1 ± 5.1%, p = 0.03). Interestingly, there were some nonresponding muscle strips that did not show any change in developed force besides physiological rundown (33% of the glucose-treated muscle strips and 18% of the pyruvatetreated muscle strips). Within the non-responding muscle strips, there were no obvious similarities in the patients' medical records such as diabetes, comorbidities or medications. Diastolic tension and relaxation parameters were not affected by exenatide (data not shown).
The Inotropic Effect of GLP-1(7-36) Amide
A single dose of 180 nM GLP 1(7-36) amide revealed similar effects on developed force as seen after exenatide treatment. Figure 2a shows a rapid increase in developed force that occurred within a few minutes in the presence of glucose and pyruvate (198.6 ± 34.6% in glucose versus 110.0 ± 4.4% in pyruvate; p = 0.0007.) This effect was followed by a decrease in developed force to steady state conditions after 25 min (138.7 ± 18.8% in glucose versus 99.9 ± 3.3% in pyruvate; p = 0.25). The increase in developed force at steady state was higher in muscle strips superfused with glucose-enriched solution (38.7 ± 18.8%) compared to pyruvate-enriched solution (− 0.1 ± 3.3%, p = 0.052), with a borderline significant difference (Fig. 2b) . Interestingly, following GLP-1(7-36) amide administration, a significant portion of muscle strips did not respond with a positive inotropic effect (31% of the glucose-treated muscle strips and 54% of the pyruvate-treated muscle strips). No changes in diastolic tension or relaxation parameters were detected (data not shown). Overall, GLP-1(7-36) amide and exenatide had similar functional effects in atrial tissue.
The Impact of GLP-1(9-36) Amide on Atrial Tissue
Besides the two GLP1 receptor agonists, muscle strips superfused with either glucose or pyruvate enriched solution were treated with a single high dose of GLP-1(9-36) amide (200 nM), which is an antagonist of the GLP1 receptor. Figure 3 shows the functional effects on GLP-1(9-36) amide has no effect on contractility of human atrial myocardium. In contrast to GLP-1 receptor agonists, the antagonist GLP-1(9-36) amide exerts no positive inotropic effect in the presence of either substrate. Data are represented as mean ± SEM. A single dose of 200 nM GLP-1(9-36) amide was administrated on either glucose-treated (filled squares; n = 6 trabeculae) or pyruvate-treated (open circles; n = 6 trabeculae) trabeculae. ### p < 0.001 between groups, ****p < 0.0001 vs BL (glucose-treated trabeculae) developed force 25 min after the intervention. In glucose treated muscle strips, the decrease in developed force after administration of GLP-1(9-36) amide was more pronounced (85.7 ± 1.7% of BL) compared to muscle strips that were treated with pyruvate (96.2 ± 2.4% of BL; p = 0.0001). Similar to what was observed after administration of the GLP-1 receptor agonists to the muscle strips, administration of GLP-1(9-36) amide induced no change in diastolic tension or relaxation parameters (data not shown).
Beta Receptor Activation in Atrial Tissue
To further investigate the observed variations of the GLP-1 receptor dependent positive inotropic effect using different energy substrates, muscle strips superfused with either glucose or pyruvate enriched solution were treated with a single dose of 100 nM isoproterenol, a beta receptor agonist. Figure 4 shows the increase in developed force between BL and steady state conditions 25 min after the intervention. Although the positive inotropic effect, expressed as the change in developed force, was stronger in the presence of glucose (179.1 ± 68.0%) compared to pyruvate (121.8 ± 32.9%), there was no statistical difference between the groups (p = 0.47). This suggests that beta receptor activation is followed by a similar inotropic response in the presence of each used energy substrate. No changes in relaxation parameters or diastolic tension could be detected (data not shown).
Calcium Response in the Presence of Pyruvate and Glucose
A stepwise increase in calcium concentrations led to a similar positive inotropic effect in the presence of glucose and pyruvate. As shown in Fig. 5 , the effect was slightly more pronounced in the presence of glucose. However, no significant difference in comparison to pyruvate-treated muscle strips could be observed at the concentrations of 4.0 mM calcium (146.6 ± 14.8% of BL in glucose versus 136.7 ± 13.2% of BL in pyruvate) and 7.2 mM calcium (187.1 ± 19.5% of BL in glucose versus 156.7 ± 21.9% of BL in pyruvate; p = 0.4 between groups). This result suggests a comparable myocardial contractility in response to calcium in the presence of glucose or pyruvate. No changes in relaxation parameters or diastolic tension could be detected (data not shown).
Discussion
Our findings demonstrated that the GLP-1 receptor agonists exenatide and GLP-1(7-36) amide, but not the GLP-1 receptor antagonist GLP-1(9-36) amide, exerted positive inotropic effects in the presence of both glucose and pyruvate. This effect was more pronounced in the presence of glucose. However, beta receptor activation and increasing calcium concentrations were followed by a similar positive inotropic effect without significant differences between the energy substrates. 
Translocation of GLUT1
Glucose and pyruvate incubated muscle strips showed comparable patterns of positive inotropy: first, an acute phase with a significant increase in developed force was observed, which was followed by a decline until steady state was reached (about 25 min after drug administration). This is consistent with the findings of a previous report that demonstrated a transient positive inotropic effect, which is most likely the result of GLP-1 receptor desensitization. Furthermore, it was shown that incubation with 2 nM exenatide for 3 h induced increased translocation of glucose transporter GLUT1 from the cytosol to the membrane in atrial cardiomyocytes (Wallner et al. 2015) . So far, there is no data available regarding the downstream mechanism that induces the GLUT1 translocation after GLP-1 receptor activation. In the current experiments, steady state conditions were reached 25 min after adding the drugs. At this time point, glucose incubated muscle strips showed a stronger positive inotropic effect than pyruvate incubated muscle strips. This effect may be a consequence of improved glucose metabolism via enhanced translocation of GLUT1, with subsequent generation of more adenosine-3-phosphate (ATP). GLUT1 expression plays a major role in basal glucose uptake in the heart, however the most important glucose transporter for the adult heart is GLUT4 (Shao and Tian 2015) . Pools of both GLUT1 and GLUT4 are located inside cardiomyocytes within compartments of endosomes and may be recruited if the appropriate signals reach these pools (Becker et al. 2001) . Pathophysiological processes can lead to an upregulation of GLUT-1, which is observed in conditions of hypertrophy of the heart or chronic hypoxia/ischemia (Shao and Tian 2015; Szablewski 2017) . However, in contrast to GLUT-4 translocation, the underlying mechanisms of the GLUT-1 translocation are poorly understood and interactions with the incretin system have yet to be studied more in depth. To be mentioned in this context, myocardial glucose uptake via translocation of GLUT4 amplifies the positive inotropic effect of insulin independent of calcium (Lewinski et al. 2010 ).
Pyruvate and Glucose as Energy Substrates
All pyruvate-treated muscle strips showed a much stronger basal contractility compared to those treated with glucose (data not shown). It may be possible that the observed weaker positive inotropic effect of GLP-1 receptor agonists in the presence of pyruvate is a consequence of a higher contractility at BL and a subsequent partial inotropic incompetence, while the glucose pretreated muscle strips could react properly to GLP-1 receptor activation. For pyruvate, positive inotropic abilities have been reported (Torres et al. 2013; Hasenfuss et al. 2002) , which may also explain the results of the experiments performed with GLP-1(9-36) amide by counteracting the physiological rundown. The concentration of pyruvate used was twice as high as the concentration of glucose because one molecule of glucose is degraded into two molecules of pyruvate during glycolysis. The main part of the energy metabolism and synthesis of ATP takes place in the citrate cycle. However, the direct effect on contractility by pyruvate was underestimated. The small positive inotropic effect observed after GLP-1(7-36) amide administration to the pyruvate-treated muscle strips is also a consequence of a rather high number of non-responders with no adequate explanation so far.
Pyruvate and glucose treated muscle strips showed a similar response to beta receptor activation in contrast to GLP-1 receptor activation. This implicates a comparable inotropic competence is preserved in response to downstream targets of the protein kinase A. In line with this finding, increasing only the concentration of calcium caused a similar positive inotropic effect in the presence of glucose and pyruvate. The latter observation suggests a similar myocardial calcium metabolism. Given that calcium-regulatory proteins of cardiomyocytes are partly dependent on ATP availability (Fearnley et al. 2011 ), both energy substrates used may provide a comparable amount of ATP in atrial muscle strips and furthermore, the BL condition of the muscle strips is similar in the presence of glucose and pyruvate. The observed slightly stronger positive inotropic effects in the presence of glucose may still be caused by the difference in basal contractility.
The Positive Inotropic Effect by GLP1r Agonists on Atrial Myocardium
Left ventricular filling is the result of both left ventricular relaxation and left atrial contraction. The latter action takes place in late diastole and contributes up to 30% of left ventricular filling. Patients with T2DM are at an increased risk of left atrial dysfunction and chronic heart failure (Mondillo et al. 2011; Graca et al. 2014 ). In conditions of systolic and diastolic heart failure, backwards transmission of increased left ventricular end-diastolic filling pressures causes an enlargement and remodeling of the left atrium. This in turn strengthens the role of the left atrium in the process of left ventricular filling (Missiri and Awadalla 2016; Santos et al. 2016) and an increase in the contractility of the left atrium may be helpful in such conditions (Scherr et al. 2016) . Given that improved atrial function is associated with beneficial outcomes in heart failure patients, preservation of atrial function may therefore be particularly important in patients with T2DM. In fact, decreased left atrial ejection fraction (LAEF) was associated with decreased left ventricular ejection fraction (LVEF), lower functional capacity, and higher rates of heart failure hospitalizations in patients with heart failure (Terzi et al. 2005; Kuhl et al. 2010) . Also, in patients with coronary artery disease or myocardial infarction, left atrial dysfunction was an independent determinant of heart failure hospitalizations and mortality (Kuhl et al. 2011; Welles et al. 2012) . As a consequence, atrial fibrillation, which is equal to a loss of atrial function, significantly increases the risk of mortality in both symptomatic and asymptomatic heart failure patients (Wang et al. 2003; Dries et al. 1998 ).
Limitations of the Study
One major limitation of the study is the fact that it only provides functional data and no mechanistic insights. The observed stronger positive inotropic effect of GLP-1 receptor agonists in the presence of glucose should be noted critically. A translocation of GLUT1 after exenatide administration was not shown and only assumed based on recently published data. In this context, experiments that show a translocation of GLUT1 after GLP-1(7-36) amide administration were never performed. Additionally, the importance regarding the difference in basal contractility of both energy substrates remains unclear.
The strength of the study is the use of human atrial tissue. Furthermore, myocardium was stimulated at a frequency of 1 Hz in bicarbonate buffered solutions, recapitulating physiological conditions within this in-vitro model. The functional inotropic properties of the GLP-1 receptor agonists exenatide and GLP-1(7-36) amide were assessed carefully and the results compliment previous findings of the interaction of GLP-1 receptor agonists on cardiac tissue. This is of particular interest because these drugs are already in clinical use as anti-diabetic therapeutics.
Conclusion
The administration of GLP1 receptor agonists leads to a positive inotropic effect in the presence of glucose and pyruvate. This effect is more pronounced in glucose enriched Tyrode's solution, suggesting substrate dependent inotropic differences after GLP-1 receptor activation, which might be linked to previously reported translocation of GLUT1.
